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Abstract

With the introduction of endovascular thrombectomy (EVT), a new era for treatment of acute ischemic stroke (AIS)
has arrived. However, despite the much larger recanalization rate as compared to thrombolysis alone, final outcome
remains far from ideal. This raises the question if some of the previously tested neuroprotective drugs warrant re-
evaluation, since these compounds were all tested in studies where large-vessel recanalization was rarely achieved
in the acute phase. This review provides an overview of compounds tested in clinical AlS trials and gives insight into
which of these drugs warrant a re-evaluation as an add-on therapy for AlS in the era of EVT. A literature search was
performed using the search terms “ischemic stroke brain”in title/abstract, and additional filters. After exclusion of
papers using pre-defined selection criteria, a total of 89 trials were eligible for review which reported on 56 unique
compounds. Trial compounds were divided into 6 categories based on their perceived mode of action: systemic
haemodynamics, excitotoxicity, neuro-inflammation, blood-brain barrier and vasogenic edema, oxidative and nitrosa-
tive stress, neurogenesis/-regeneration and -recovery. Main trial outcomes and safety issues are summarized and
promising compounds for re-evaluation are highlighted. Looking at group effect, drugs intervening with oxidative
and nitrosative stress and neurogenesis/-regeneration and -recovery appear to have a favourable safety profile and
show the most promising results regarding efficacy. Finally, possible theories behind individual and group effects are
discussed and recommendation for promising treatment strategies are described.

Significance statement

Dozens of clinical stroke trials have been performed in
the search for additional therapeutic strategies next to
thrombolysis, but all failed to consistently improve out-
come. With the introduction of endovascular thrombec-
tomy, a new era for treatment of AIS has arrived. We
summarized therapeutic strategies and clinical trial
results. This review will function as an important enchi-
ridion for future clinical stroke trials and it will provide
an insight into which of these drugs warrant a re-evalua-
tion in combination with thrombectomy.
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Introduction

About 25 years ago the NINDS trial established intrave-
nous thrombolysis (IVT) with tPA as the first effective
medical therapy for acute ischemic stroke (AIS) [1]. Still,
a large proportion of patients are not eligible for, or do
not benefit from IVT. In the following years, dozens of
clinical trials have been performed in the search for addi-
tional therapeutic strategies to reduce infarct volume and
improve clinical outcome. Preclinical evidence is usually
the trigger for making the clinical translation. Unfortu-
nately, none of the compounds tested in these trials con-
sistently showed to improve patient outcome, despite
promising pre-clinical data, illustrating a translational
gap [2]

With the introduction of endovascular thrombectomy
(EVT), a new era for treatment of AIS has arrived [3].
With EVT, rapid recanalization of the major vessels can
be achieved in the vast majority of the patients with a
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large vessel occlusion [4]. Up to 38% of all acute ischemic
strokes are large vessel occlusions [5]. Despite the much
larger recanalization rate as compared to IVT alone, final
outcome remains far from ideal, with approximately 50%
of patients having a poor outcome at 90 days [4]. This
raises the question if some of the previously tested neu-
roprotective drugs warrant re-evaluation, since these
compounds were all tested in studies where large-vessel
recanalization was rarely achieved in the acute phase.
This question was also discussed in two extensive reviews
by Savitz et al. [6, 7], where the whole aspect of “if, how
and when” additional therapies next to reperfusion could
be useful, is elaborated including recommendations and
guidelines for clinical and per-clinical stroke trials.

After large vessel occlusion in the brain occurs, several
multi-phased cascades start to unroll, with necrosis as
devastating endpoints. Although these cascades are all
intertwined and interact with one another, several main
mechanisms can be identified, namely compounds acting
on systemic haemodynamic, excitotoxicity, oxidative (and
nitrosative) stress, neuro-inflammation and blood—brain
barrier damage and vasogenic edema. In this review, we
discuss the therapeutic strategies to target these path-
ways, and systematically review the results from clini-
cal trials in which these various compounds have been
tested. This review aims to provide an insight into which
of these drugs may warrant a re-evaluation as an add-on
therapy for acute ischemic stroke in the era of EVT.

Methods

All aspects of the review methodology, analysis and
reporting were carried out based on the AMSTAR ([8]
and PRISMA [9] guidelines, with the exception that
screening and selection was done by a single author.

Literature search strategy

A literature search was performed in Pubmed using the
search terms “ISCHEMIC STROKE BRAIN” in title/
abstract, and the following Pubmed filter options were
activated: “Clinical Trial’, “Randomized Controlled Trial”
and “Humans” The search was limited to full length
papers written in English. The initial Pubmed search
was conducted between March 2018—May 2019 and we
selected studies published until 2019. Potentially relevant
papers were selected using title and abstract screening,
after which full text evaluation was performed. A list of
included papers and their described treatment strate-
gies was compiled from the literature search, after which
all selected compounds were additionally crosschecked
with ClinicalTrials.gov and other reviews for possible
additional trials missed by the initial search. Clinical trial
numbers were then again checked in Pubmed to make
sure that the initial search included all relevant papers.
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Only clinical trials with published results were included
in this review.

Study selection
Clinical trials were excluded if no additional therapy
was tested besides reperfusion therapy (IVI/EVT) or
antiplatelet therapy. Studies with therapies other than
clearly defined chemicals (e.g. hypothermia, high-pres-
sure oxygen, haemodilution or herbs-mixtures) were
also excluded. In addition, stroke prevention trials and
treatment in the chronic phase (defined as start treat-
ment after 4 days post stroke onset) were excluded. As a
quality control, only randomized (placebo) controlled tri-
als with>15 patients per study group were included. In
order to be eligible, trials had to have reported at least
one of the following outcome scores: modified Rankin
Scale (mRS), National Institutes of Health Stroke Scale
(NIHSS), Barthel Index (BI), Glasgow Outcome Score
(GOS), (modified) Mathew scale (all scoring details avail-
able at http://www.strokecenter.org) [10, 11] or the radi-
ological outcome measure infarct volume or growth on
CT or MRL

Trial compounds were divided into 6 categories based
on their perceived mode of action: systemic haemody-
namics, excitotoxicity, neuro-inflammation, blood—brain
barrier and vasogenic edema, oxidative and nitrosative
stress, neurogenesis, and regeneration. A 7th category
was composed of compounds that did not fit in one of the
other categories. Compounds with overlapping function-
ality were categorized according to their presumed pri-
mary working mechanism.

Data collection

Relevant data were extracted from each study, using only
the main publication of each study. A complete list of
subgroup analyses and other post-hoc analyses is beyond
the scope of this review. As main clinical outcome, the
mRS score (and readout time point) is stated. If mRS
was not provided, we used the NIHSS, BI, mortality or
infarct volume (in descending order). The effect size (in
mean, median, percentage or ratio) is stated for placebo
vs study drug, with accompanying (unadjusted) statistical
certainty (p-value or 95% confidence interval). Addition-
ally, the presence of safety concerns is stated (yes or no),
based on any significant difference described for each
study concerning (serious) adverse events or mortality.

Results

The initial Pubmed search resulted in a total of 1980
papers, of which 173 were selected for further review.
After exclusion of papers using the listed criteria, and
after crosscheck with ClinicalTrials.gov, a total of 89
articles were eligible for review which reported on 56
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unique compounds (Fig. 1). Compounds are discussed
per category, in alphabetic order. A list of included
studies can be found in Table 1.

Systemic haemodynamics

Background

Well known risk factors for ischemic stroke are abnor-
mal (cerebral or global) haemodynamic conditions such
as hypertension. Five out of 10 compounds included here
are blood pressure lowering agents, since hypertension is
known to accelerate the development of atherosclerosis,
which in turn leads to increased atherothrombotic events
[12]. Three other compounds act as vasodilators and
reduce vasospasm. Prophylactic treatment to influence
haemodynamic factors and reduce the (recurrent) infarct
risk has been standard therapy for years. However, the
influence of these same haemodynamic parameters are
also likely to influence the infarct evolution and outcome
when used in the acute phase of an ischemic infarct.

Compounds

Atenolol Atenolol is a selective B,-blocking agent which
is known to lower the heart rate and blood pressure. In
a clinical trial including 201 AIS patients, [13] Atenolol
(50 mg/day for 21 days) was found to reduce heartrate by
10-15% and blood pressure (the first 24 h) by 9% com-
pared with placebo. Changes in functional outcome and
neurological deficit were seen in favour of the treatment
group at 30 days, but not 1 year of follow-up. Mortality,
however, was more common in the Atenolol group at
30 days (25% vs 14%).

Candesartan 'The angiotensin II receptor antagonist
Candesartan was evaluated for its effect on stroke out-
come in the ACCESS [14] and the SCAST trial [15-17]. In
the ACCESS trial, no treatment effect (4 mg at day 1 and
8-16 mg until day 7) was seen on primary clinical outcome
(BI at 30 days). And although the trial treatment goal was
to accompany a reduction in blood pressure of 10—15%,
no difference was found in blood pressure in the 1 year
follow-up period between treatment and control group.
There were no safety concerns, at the contrary, significant
less cardiovascular events were reported in the Cande-
sartan group compared with placebo. In the SCAST trial,
although lower blood pressure was reported in the treat-
ment group (147/82 mmHg vs 152/84 mmHg in the pla-
cebo group at day 7), no clinical outcome benefit (mRS or
BI) of Candesartan (4-16 mg/day for 7 days) was found in
AIS patients with high blood pressure (systolic BP > 140).
Importantly, a possible higher risk of poor outcome in the
treatment group was reported (adjusted OR: 1.17, 95% CI
1.00-1.38) and, although non-significant, a trend towards
more detrimental vascular-related events.
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Diaspirin cross-linked hemoglobin (DCLHD) The hae-
moglobin oxygen carrier DCLHb (dose 75-300 mg/kg/day
for 3 days) was tested in a safety trial in 85 patients with
AIS (40 placebo) [18]. Arterial blood pressure increased
by 21 mmHg in the treatment group. Trial results showed
that DCLHbD increased the chance of poor outcome after
3 months compared with placebo (mRS 3-6 in 85% vs
51% in placebo). Other clinical outcomes (NIHSS and BI)
showed similar detrimental results. Also, more deaths (23
vs 9) and overall (serious) adverse events (67 vs 22) includ-
ing fatal brain and pulmonary edema, transient renal and
pancreatic insufficiency, jaundice and hemoglobinuria,
were reported in the intervention group.

Irbesartan Irbesartan lowers blood pressure by act-
ing as an angiotensin II receptor antagonist. Treatment
of AIS patients with Irbesartan (n=23; 150 mg/day for
30 days) did not have a significant effect on lowering the
blood pressure. Neither infarct size nor clinical outcome
(NIHSS) was affected by treatment [19]. Safety concerns
were not addressed.

Lifarizine Lifarizine (piperazine, Syntex) is a novel,
potassium channel modulator which inhibits Na-currents
in neuronal cells. It is also shown to be a calcium chan-
nel blocker and binds to the dopamine DA2 receptors.
Although it has minimal direct effects on those channels it
could possibly reduce BBB leakage and edema formation.
In a pilot safety study among 117 AIS patients, Lifarizine
(250 pg/kg bolus+ 60 mg/day for 5 days) did not change
any clinical outcome measure (mRS, NIHSS or BI at
30/90 days) [20]. Mortality or serious adverse events did
not differ between study groups.

Lisinopril Lisinopril is an angiotensin-converting
enzyme (ACE) inhibitor effective for lowering systemic
blood pressure. In a trial in AIS patients [21], Lisinopril
(5 mg/day for 7 days and thereafter 10 mg/day for 7 days)
or placebo was administered, starting within 24 h after
stroke onset. Besides the blood pressure lowering effect
no effect on clinical outcome (NIHSS, BI, mRS) was found
at 14 and 90 days. There were no safety concerns.

Magnesium sulfate Magnesium sulfate is a vasodilator,
which has shown promising neuroprotective as well as gli-
aprotective effects in pre-clinical studies. In the IMAGES
trial (included 2386 patients) [22], no effect of Magnesium
sulfate (16 mmol bolus+65 mmol in 24 h) on primary
outcome (mRS at 90 days) was found. Mortality, however,
was slightly higher in the treatment group (19% vs 16%,
p=0.086). In a second trial, the FAST-MAG trial [23], the
effect of magnesium sulfate (20 mg in 24 h) vs. placebo
treatment was investigated in stroke-suspected patients
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(n=1700) with treatment started within 2 h after symp-
tom onset by paramedics before hospital arrival. No effect
was seen at 90 day follow-up on mRS, NIHSS, BI or GOS.
Mortality or serious adverse events did not differ between
study groups.

Nimodipine Nimodipine, a calcium channel block-
ing agent, is widely used as treatment to reduce high
blood pressure. It is also routinely used in patients with
subarachnoid haemorrhage to prevent delayed cerebral
ischemia. Nimodipine has been tested in multiple AIS
trials. One of the first clinical stroke trials with Nimodi-
pine was conducted by Paci et al. in 1989 [24]. Patients
(n=41) were treated with Nimodipine (40 mg/day) or pla-
cebo for 28 days, starting within 12 h after stroke onset.
Nimodipine was found safe and well tolerated without
any severe cardiovascular events. They also reported a
favourable clinical outcome in the treatment group, based
on the Mathew score (MS), compared with placebo (89
vs 78, respectively). A year earlier, Gelmers et al. [25]
also reported favourable outcome for AIS patients after
Nimodipine treatment (120 mg/day for 30 days). Bet-
ter clinical outcome score (Mathew score) was reported
in the treatment group, as well as decreased mortality,
although the latter was restricted to the male popula-
tion. Years later, the INWEST trial [26] showed a favour-
able outcome on BI after 21 days of treatment (1-2 mg/h
for 5 days+ 120 mg/day from day 5-21) compared with
placebo (10 vs 22, respectively). The other 7 trials on the
effect of Nimodipine (ranging from 60 to 240 mg/day for
10-28 days) failed to show any treatment effect concern-
ing clinical (mRS, BI, MS or mortality) or radiological
(infarct volume) outcome parameters. One trial by Kaste
et al. [27], reported an increased case-fatality rate in the
treatment group at 30 days (29 vs 22 in placebo). However,
this difference lost statistical significance at the 1-year fol-
low-up.

Piracetam Piracetam is a nootropic drug with many
proposed mechanisms, including allosteric AMPA recep-
tor modulation and vascular and neuronal stimulation.
However, the exact functionality is not fully understood.
The PASS trial [28] reported no significant difference in BI
score in the treatment group (12 g/day for 30 days+4.8 g/
day from day 31-60) compared with placebo at 90 days.
Also, no significant differences in adverse events or mor-
tality were found between the treatment and control

group.

Propranolol The B-blocking agent Propranolol was also
tested in the BEST trial [29], next to Atenolol. A total of
201 AIS patients were included, of which half was treated
with propranolol (80 mg/day for 21 days). Heart rate was
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reduced by 10—15% in the treatment group compared with
the control group, and mean blood pressure was lowered
by 6% during the first 24 h of treatment. Mortality was
increased in the treatment group at 30 days (27% vs 14% in
placebo) and at 6 months (33% vs 23%, respectively). Neu-
rologic improvement and functional outcome (activity in
daily living) after 1 week or 1 month was also less favour-
able in the treatment group compared with placebo.

Excitotoxicity

Background

The brain has a high metabolic rate, requiring a large
amount of oxygen and glucose to maintain the ionic
gradients over the plasma membrane. The majority of
the energy is consumed by the Na*/K*-ATPase of the
neuronal plasma membrane. Already within the first
seconds to minutes of ischemia, the ATP is fully con-
sumed when synthesis is inhibited [30]. This results in
cellular catabolic enzymes causing necrosis of cellular
structures. This ionic imbalance and membrane depo-
larization also leads to excessive glutamate release and
activation of the AMPA and NMDA receptors, resulting
in increased Ca”*" influx. Blocking this pathway has been
an attractive therapeutic target to inhibit cell death due
to calcium-overload.

Other pathways contributing to excitotoxicity and
eventually cell death are the metabotropic glutamate
(mGlu) receptors modulating excitatory synaptic trans-
mission [31, 32] and peri-infarct depolarizations [33].
The latter is triggered by potassium and excitatory amino
acids from the ischemic core, resulting in intraneuronal
calcium accumulation, cytotoxic edema and reduction in
blood flow due to neurovascular coupling [33]. Excitotox-
icity (disturbed ion balance) is one of the first pathways
activated after vessel occlusion and therefore has been a
therapeutic target in many clinical trials discussed below.

Compounds

Aptiganel HCl Aptiganel HCl is an NMDA-recep-
tor antagonist and has been tested in AIS patients in a
phase II and III trial [34]. In both trials, Aptiganel HCI
(5 mg+0.75 mg/h or 3 mg+0.5 mg/h for 12 h) did not
show an effect on clinical outcome (mRS at 90 days or
NIHSS at 7 days) compared with placebo. However, a
safety-issue was noticed concerning increased mortal-
ity in the high-dose intervention group compared with
placebo after a 120 days follow-up period (26% vs 19%,
respectively).

Clomethiazole Clomethiazole, an enhancer of the
GABA-ergic system, has been tested in AIS patients in
three consecutive trials (CLASS (n=1360) [35], CLASS-
I (n=1198) [36] and CLASS-T (n=190) [37]). Data of
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these trails all showed no difference in clinical (mRS,
NIHSS or BI) or radiological (infarct volume) outcome
measures between the treatment (68/75 mg/kg in 24 h,
started within 12 h from onset) and the control groups.
There were no differences in (serious) adverse events or
mortality seen between both groups.

Diazepam Diazepam is part of the benzodiazepine fam-
ily and modulates the GABA type A receptor and acts as
a calcium channel blocker. The effect of Diazepam on AIS
has been tested in one clinical study [38] where total of
849 patients were included within 12 h of stroke onset.
Diazepam (10 mg, 2 daily for 3 days) was found to be safe
with no change in adverse events or mortality compared
with placebo. However, no treatment effect on clinical out-
come measures (mRS, BI) was found. Subgroup analyses
suggested a favourable outcome in the Diazepam group
in cardio-embolic infarct patients (mRS <2 at 90 day: OR
2.26, 95% CI [1.07-4.76]), but also an increased mortality
in ICH patient population compared with placebo (22% vs
12%, respectively).

Fanapanel The only competitive AMPA-receptor antag-
onist tested in AIS patients is Fanapanel (also known as
ZK-200775 or MPQX). The trial was designed as a dose-
finding study and included 61 AIS patients [39]. Overall
neurologic (NIHSS at 30 days) worsening was seen after
treatment with Fanapanel (262.5/525/105 mg in 6 or 48 h)
compared with placebo. Due to safety reasons, this trial
was prematurely stopped.

Gavestinel Gavestinel (or GV150526) 1is another
NMDA -receptor antagonist tested in a trial includ-
ing 1367 AIS patients [40]. Treatment with Gavestinel
(800 mg+400 mg/24 h for 3 days) did not have an effect
on clinical outcome (mRS, NIHSS, BI, infarct volume).
There were no safety concerns.

Lanicemine HCl Lanicemine HCI (or AR-R15896AR)
[41], is also an NMDA -receptor antagonist and was inves-
tigated in a trial including 103 AIS patients. No beneficial
effects (NIHSS, BI) were seen in the treatment group (two
times a bolus of 7 mg/kg and 2.5 mg/kg+ 360 mg/24 h
for 3 days), compared with placebo. Safety concerns were
raised due to increased mortality (10% vs 6%, respec-
tively, non-significant) and psychiatric conditions (3 vs
0, respectively). Other side effects which were also more
common in the treatment group were vomiting, nausea,
fever, agitation, dizziness and hallucinations.

Lithium Another NMDA-receptor antagonist tested in
AIS patients is Lithium [42]. In a trial including 66 AIS
patients, again no effect of the treatment (600 mg/24 h for
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30 days) was seen on clinical outcome (NIHSS at 30 days).
There were no safety concerns.

Lubeluzole On the contrary, the indirect NMDA-block-
ing agent Lubeluzole did show a positive effect on clinical
outcome in 1 out of 3 studies and reduced mortality was
seen in 2 out of 3 studies compared with placebo. Grotta
etal. [43] (n=700) showed that a bolus of 7.5 mg+ 10 mg/
day for 5 days improved clinical outcome parameters
(mRS <2 at 90 day: 36% vs 30% in placebo). Also NIHSS
and BI were improved and mortality was non-significantly
different in favor of the treatment group. However, Diener
et al., conducted 2 trials, one including AIS patients with
age > 18 [44] (n=675) and one >50 [45] (n=193) years
old. Both trials did not show a favorable outcome (mRS,
NIHSS, BI) using Lubeluzole (7.5 mg+10 mg/day or
15 mg+ 20 mg/day for 5 days) compared with placebo.
In the higher dose group, mortality was increased in
the treatment group (35%), but in the lower dose it was
decreased (6%) compared with placebo (18%) [45]. In the
other trial of Diener et al. [44] no mortality differences
were found between treatment and control group. How-
ever, in a post-hoc analysis, Lubeluzole decreased mortal-
ity without increasing morbidity in patients with mild to
moderate AIS.

Nalmefene Nalmefene (60 mg in 24 h), an opioid antago-
nist with relative k-receptor selectivity, has been tested
in AIS patients (n=330), starting within 6 h after stroke
onset [46]. No safety concerns were seen, but also no treat-
ment effect was shown for the clinical outcome param-
eters NIHSS, BI, GOS in a follow-up period until 90 days.

Selfotel The last NMDA-receptor antagonist, Selfotel
(bolus injection of 1.5 mg/kg given within 6 h after symp-
tom onset) was tested in the ASSIST trial [47, 48]. Enrol-
ment was prematurely stopped for safety reasons, con-
cerning mortality was increased in the treatment group
due to brain related events (progression of stroke and pri-
marily cerebral oedema). No benefit in clinical outcome
(NTHSS, BI) was found compared with placebo.

Oxidative and nitrosative stress

Background

Directly after ischemic stroke onset, depletion of ATP, ion
pump failure and consequently disruption in membrane
ion balance occurs and eventually causing downstream
production of, among others, reactive oxygen species
(ROS), increased nitric oxide synthase (NOS) and nitric
oxide (NO). Accumulation of these toxic compounds is
most abundant in the penumbra, especially after reperfu-
sion. Production of ROS and oxidative stress disrupts the
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functional BBB integrity and mediate mitochondrial and
DNA damage which results in necrosis [49].

Compounds

Disufenton sodium The effect of Disufenton sodium
(NXY-059), a free-radical (nitrone-based) scavenger, on
ischemic stroke outcome has been evaluated in multiple
clinical trials, however, with different efficacy outcomes.
A first safety and tolerability study [50] with Disufenton
sodium (85/170 mg/h for 3 days) showed no safety con-
cerns, but also no improvement in NIHSS or BI at 30 days
follow-up. As a follow-up study, the SAINT I [51-53] and
SAINT II [51, 54] were conducted, both using a dose of
2270 mg bolus injection in 1 h+480-960 mg/h for 3 days.
A treatment benefit was reported in the SAINT I trial
(1699 patients included) at 7 days for mRS, NIHSS and
BI over placebo. At 30 days, only BI and mRS still showed
significant treatment benefit and at 90 days only mRS (OR
1.20. 95% CI [1.01-1.42]) was still beneficial for the treat-
ment group. The STANT-II trial (3306 patients included)
however, was not able to confirm the results found in
SAINT-IL No treatment effect for mRS, NIHSS or BI was
found. Pooled analyses of both trials also failed to show
any treatment benefit [51] No differences in mortality or
(severe) adverse events between treatment and placebo
were found.

Ebselen Ebselen is an organoselenium compound
which acts as a glutathione peroxidase mimetic and act-
ing against membrane hydroperoxides and can poten-
tially inhibit enzymatic and nonenzymatic lipid peroxi-
dation, preventing cellular damage induced by reactive
oxygen species (ROS) [55, 56]. The Ebselen study group
conducted two trials [57, 58], and reported a favourable
clinical outcome in the treatment group (150 mg/day for
14 days) compared with placebo (BI>75 at 90 days: 64%
vs 50%) in the first study which included 300 patients [58].
A favourable treatment effect on GOS over placebo at 30
and 90 days was only found in patients treated within 24-h
after stroke onset.

A second study in 99 patients with a MCA occlusion
[57], reported a reduction in infarct volume at 30 days
of follow-up in the Ebselen (150 mg/day for 14 days)
treatment group compared with placebo (8.30 vs 12.74,
respectively), an effect only significant in patients treated
within 6 h after stroke onset. No differences in mortality
or (serious) adverse events were seen between both treat-
ment groups.

Edaravone The free radical scavenger Edaravone is used
in some Japanese stroke units as standard treatment.
The Edaravone Acute Brain Infarction Study Group [59]
showed an improvement in mRS after Edaravone treat-
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ment (60 mg/day for 14 days, started within 72 h after
stroke onset) compared with placebo at 3, 6 and 12 months
after stroke onset (n =250). The mean mRS at 90 days was
1.8 vs 2.2 in the placebo group. No other outcome meas-
ures were described. No safety concerns were found.

Epigallocatechin Gallate The effect of Epigallocatechin
Gallate, a natural polyphenol which acts as anti-oxidant,
was investigated by Wang et al. [60] in 371 patients.
No difference was found in clinical outcome (NIHSS at
7 days) between the treatment (500 mg/day for 7 days)
and placebo group. No safety data were reported.

Glyceryl trinitrate Transdermal Glyceryl trinitrate
(GTN) is a nitric oxide donor which could reduce lesion
size if given in the acute phase of ischemic stroke. GTN
is shown to lower the average blood pressure. However,
investigators of the ENOS trial [61] (n=4011) did not
find an effect on clinical outcome at 90 days (mRS, BI)
of GTN (5 mg/day for 7 days, started within 48 h after
onset). A second study, the RIGHT-2 study (n=852) [62],
also reported no difference in GTN treatment (5 mg/day
for 3 days) concerning mRS outcome at 90 days com-
pared with placebo. No safety concerns in AIS patients
were seen due to study medication in both trials. How-
ever, the RIGHT-2 study did report safety concerns in
ultra-acute intracerebral haemorrhage patients (n=145)
who were given GTN (prehospital). Findings included
increased mRS at 90 days (non-significant), a worse aver-
age of 5 clinical outcomes (dependency, disability, cogni-
tion, quality of life), increased mortality (in hospital, not
at 90 days). Besides that, GTN was also associated with
increased mass effect and midline shift, larger hematoma
and growth and altered use of hospital resources [63]. A
meta-analysis on the effect of GTN in AIS patients can be
found elsewhere [64].

Uric acid The natural antioxidant uric acid (UA) has
been studied in AIS in the URICO-ICTUS trial [65-69].
UA (1000 mg in 90 min) treatment showed overall favour-
able clinical outcome over placebo (mRS at 90 days: 2 vs 3,
respectively, p=0.045). Both BI and NIHSS also showed
favourable outcomes at 90 days, but no differences in
ASPECTS score or infarct volume were found between
treatment and control group. In pre-defined sub-analyses
(n=135-138 patients per group), improved clinical out-
come and limited infarct growth was only found in UA
treated patients with high glucose levels (upper tertile
range). Better clinical results were found in UA treated
woman (n=206), but not in men (n=205) (pre-defined
subgroup analysis). No safety concerns were found.
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Tirilazad Mesylate The effect of the lipid peroxida-
tion inhibitor and scavenger of free radicals, Tirilazad,
was investigated in two clinical trials. The STIPAS trial
[70] (n=111) showed that treatment of maximal 6 mg/
kg/day for 3 days of Tirilazad Mesylate was safe. No dif-
ference between the treatment and placebo group were
found concerning adverse events or mortality. Although
the study was not designed to find treatment effects,
they reported no difference in infarct volume. Concern-
ing clinical outcome scores, the placebo group showed
worse outcome parameters defined by GOS (favourable
outcome with 2 mg/kg/day: 85% vs 92% in placebo group,
p=0.028). Both BI and NIHSS showed the same trend.

Thereafter, 4 clinical trials (RANTTAS I and II [71] and
TESS I and II [72]) were conducted using the highest dose
(6 mg/kg/day for 3 days). The RANTTAS trials (556 AIS
patients) were stopped prematurely to allow for inclu-
sion of another trial with higher Tirilazad dose (decision
based upon interim analyses, but also studies in SAH
patients and pre-clinical data. No favourable effect on
clinical outcome (NIHSS, BI or GOS at 3 months) of the
treatment over placebo was found. There were no safety
concerns. In the TESS-I and II trials [72], CT was used to
assess the effect of Tirilazad Mesylate on infarct outcome
on day 8 (£2 days) in 368 patients. Again no effect on
clinical or radiological outcome was seen. Only in male
patients with a cortical infarct, treatment with Tirilazad
showed significant smaller infarct volumes (pre-defined
subgroup (n=136) analysis: 71 mL vs 143 mL in placebo,
p=0.001).

A review and meta-analysis of these clinical trials con-
ducted for the effect of Tirilazad Mesylate in AIS even
showed an increase in death or disability in the Tirilazad
treatment group [73].

Blood-brain barrier dysfunction and vasogenic edema
Background

Blood-brain barrier (BBB) disruption following ischemic
stroke is an early pathological event resulting in extrava-
sation of blood components into the brain parenchyma.
Disruption of this functional and physical barrier results
in multiple detrimental effects, such as vasogenic edema
formation, excessive cellular and molecular infiltration
into the brain parenchyma including many inflamma-
tory cells and cytokines, disrupting the interstitial com-
position, haemorrhagic transformation and eventually
exacerbating brain injury [49, 74, 75]. During cerebral
ischemia, one important contribution to BBB breakdown
is matrix metalloproteinase (MMP) activation, followed
by integrin (transmembrane glycoprotein receptors for
the extracellular matrix) degradation.
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Compounds

Albumin The effect of Albumin (the main blood plasma
protein regulating oncotic pressure) in AIS patients have
extensively been investigated. The ALIAS trials (pilot
[76], 1 [77-80] and II [77, 79]) used a 2-h infusion of 25%
human albumin (within 5 h (part I) or within 16 h (part
II) of stroke onset). In the ALIAS part I trial, no differ-
ence in NIHSS or mRS at 90 days were found. The trial
was terminated after 434 patients were enrolled, for safety
reasons due to higher 90-day mortality rate and increased
serious adverse events (a.o. pulmonary edema, acute cor-
onary syndrome and myocardial infarction) in the Albu-
min group. ALIAS part II (with modified study protocol)
included 841 patients when it was prematurely stopped
for futility reasons. No difference in NIHSS, mRS or BI
at 90 days were found between the treatment and control
group. More adverse events (mild-to-moderate pulmo-
nary edema and symptomatic intracranial haemorrhage)
were reported in the Albumin-treated patients.

Citicoline Citicoline is an intermediate compound in the
turnover of choline into phosphatidylcholine, a process
naturally occurring in cell the membrane. In preclinical
experiments, it has been shown that Citicoline (CDP-cho-
line) can reduce cell membrane breakdown, increase phos-
phatidylcholine synthesis and decrease free fatty acids
[81, 82]. The effect of Citicoline in AIS has been investi-
gated in multiple clinical trials. Clarck et al. [83] reported
a favourable clinical outcome (mRS at 30 days: 2.5 vs 3.1 in
placebo, p=0.03) in the treatment group both for 500 and
2000 mg/day for 6 weeks. The same positive effect was
seen in Bl and NIHSS at 90 days after AIS in the Citicoline
treatment group compare with placebo. However, in a fol-
low-up trial Clark et al. [84] reported no effect of Citico-
line (200 mg/day for 6 weeks) at 90 days concerning lesion
volume (on MRI), NIHSS, mRS and BI. Warach et al. [85]
also investigated the effect of Citicoline (500 mg/day for
6 weeks) on ischemic lesion evolution using diffusion
MRI (measured from baseline to 12 weeks). Although a
difference in lesion evolution (favouring Citicoline; +11.3
vs+18.9 in placebo) was seen between treatment and
control group, variance was too high and power too low
to reach statistical significance. There was however a sig-
nificant larger reduction in infarct volume from week 1 to
week 12 reported in the treatment group. Davalos et al.
[86] investigated a slightly higher dose (2000 mg/day for
3 days, where after 1000 mg/day for 6 weeks) of Citico-
line in a total of 1148 AIS patients compared with 1150
placebo treated AIS patients. No treatment benefits were
seen here concerning mRS, NIHSS or BI at 90 days. The
trial was prematurely stopped for futility reasons. No dif-
ference in (serious) adverse events were found in all above
mentioned studies. “A comprehensive review and meta-
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analysis concerning Citicoline can be found elsewhere
[87]"

Fasudil Fasudil, a Rho-kinase inhibitor, is a vasodilator
and preserves BBB integrity by blocking endothelial and
pericyte contraction. It has shown efficacy in subarach-
noid haemorrhage patients to reduce vasospasm [88]. In
pre-clinical studies, Fasudil was showed an anti-inflam-
matory effect [89], prevent monocyte and neutrophil infil-
tration and inhibit the production of oxygen radicals [90],
increase cerebral blood flow [91] and upregulate eNOS
activity of endothelial cells [92]. In a trial including 160
AIS patients [93], Fasudil (60 mg/60 min twice daily, for
14 days) improved mRS at 30 days over placebo (improve-
ment of mRS < — 2: 63% vs 44% in the placebo group). No
safety issues were found.

Glyburide Glyburide is a compound generally used to
treat diabetes mellitus type 2. It is a Kyp/NCc,_orp chan-
nel inhibitor by binding to the subunit sulfonylurea recep-
tor 1 (SURL). It is also known for its antioxidant effects.
The effect of Glyburide (Glibenclamide, RP-1127) in
AIS was tested in the GAMES-Pilot [94] (<15 patients/
group) and GAMES-PR [95] trials. In the GAMES-PR
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trial, the effect of Glyburide (0.13 mg bolus+0.16 mg/h
(6 h)4+0.11 mg/h (66 h)) in 77 patients was analysed.
Although the trial was prematurely stopped due to finan-
cial reasons, a decreased 30-day mortality rate was found
in the treatment group compared with placebo (15% vs
36%, respectively, p=0.03). This effect could be attrib-
uted to decrease in malignant edema. BBB-specific out-
comes in post hoc analysis of edema-related endpoints
also showed a 50% reduction of midline shift and plasma
MMP-9 levels in the treatment group. No difference in
mRS at 90 days was found between both groups. No safety
issues were identified.

Imatinib Imatinib is a tyrosine kinase inhibitor which
could have a beneficiary effect on maintaining BBB integ-
rity and therefore reduce haemorrhagic transformation,
edema formation and infarct size. Imatinib was tested
in a randomized phase II trial at three dose levels (400,
600 and 800 mg for 6 days) [96]. Imatinib significantly
improved NIHSS compared with controls during 90 days
post stroke onset (improvement of 0.6 on the NIHSS per
100 mg Imatinib, p=0.02). The same (non-significant)
trend was found on mRS at 90 days. BBB-specific second-
ary endpoints were haemorrhagic transformation (39%,

Initial search terms

“Ischemic Stroke Brain” filters

Clinical trials
RCT
Full tekst
Human
Engisch

Applied » 1980 publications

Title/Abstract screening EXCI USIONS (N; reason)

—) 1673; Not relevant
——) 113; No additional compound (only IVT/EVT)
——) 16; Methods paper/no RCT

——) 5 Abstract only

Trial quality screening
173 publications

—) 37; <15/group
——) 17; Therapies other than clearly defined chemicals

——) 6; Stroke-prevention treatment

Additional papers included
after crosscheck database
n=23

intravenous thrombolysis, £V/T endovascular thrombectomy

9; Start treatment >4 days after symptom onset

—) 21: None of the selected clinical/radiological
outcome or no control group comparison

——) 17 ; Secondary/post-hoc analyses

89 publications included

vV

56 compounds
Fig. 1 Flowchart of the in- and excluded compounds tested in clinical stroke trials. RCT randomized controlled trial, N number of papers, IVT
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58%, 62% and 43% in the control and low-, medium- and
high-dose groups respectively) and cerebral oedema (50%,
50%, 62% and 71%, respectively), however, no statistics
were described. No safety concerns were found.

Sodium tanshinone IIA sulfonate Sodium tanshinone
1IA sulfonate (STS) has been used in multiple (pre-) clini-
cal experiments and trials, and has been said to have mul-
tiple protective effects against; BBB disruption, ischemia—
reperfusion injury, and has anti-oxidative, anti-apoptotic,
anti-inflammatory effects and acts as vasodilatator [97].

In 16 AIS patients, STS significantly improved the
90-day mRS compared with 14 placebo-treated patients
(mRS<1: 76% vs 43%, respectively, p=0.028) [98].
However, no difference in other clinical outcome scales
(NIHSS or ADL) was found between treatment and con-
trol group. BBB damage was measured using biomark-
ers in plasma, including levels of MMP-2, MMP-9, tissue
inhibitor of metalloproteinase (TIMP)-1, claudin-5 and
zonula occludens (ZO)-1. Claudin-5 and MMP-9 were
lower and TIMP-1 higher in the treatment group. There
was also a difference found in BBB permeability on CTP
at 10 days, but not 24 h, post rt-PA treatment between
both treatment groups. Nothing was reported concern-
ing any (serious) adverse events.

Neurogenesis/-regeneration and -recovery

Background

As a response to ischemia, multiple recovery cascades
become activated, including adult neurogenesis and
regeneration (extensively reviewed by Marques et al
[99]). Neuronal precursor cells will respond by prolifera-
tion and migration towards the lesion site. In the adult
brain, three neurogenic zones are identified: the subven-
tricular zone in the lateral ventricle, subgranular zone of
the dentate gyrus and third the posterior periventricular
zone [100-102]. Although endogenous neurogenesis is a
slow process and is not able to fully restore brain func-
tion, therapeutic strategies activating and accelerating
these processes might be beneficial in AIS, as pre-clinical
data is suggesting.

Compounds

Cerebrolysin  Cerebrolysin is a neurotrophic and neu-
roprotective drug consisting of low-molecular-weight
neuropeptides and free amino acids of porcine origin.
The CASTA trial [103] treated 529 patients with 30 mL
Cerebrolysin daily for 10 days and compared results with
541 placebo-treated patients. Overall, no treatment effect
was found for mRS, NIHSS or BI. Also no difference in
mortality was found between both groups. Lang et al
[104] also studied the effect of Cerebrolysin (30 mL/day,
for 10 days). However, after the third interim analysis, the
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study was terminated because there was no indication for
favourable treatment effect at 90 days, measured by mRS,
NIHSS, BI or GOS.

The safety and efficacy of Cerebrolysin (30 ml/day, for
10 days) vs placebo was described by Xue et al. [105]
No safety issues were found and a favourable outcome
for NIHSS at 21 days (5.9 vs 7.3 in placebo, p<0.05) was
shown. BI showed essentially the same results. A fourth
trial by Gharagozli et al. [106] evaluated the effect of Cer-
ebrolysin treatment (30 mL/day for 7 days followed by
10 mL until day 30) vs placebo. They were able to show
a superiority of Cerebrolysin treatment compared with
placebo for 30-day (mRS<1: 31% vs 26% in placebo,
p=0.01). The same positive effect was shown for NIHSS
and clinical global impression. No differences were found
for mini mental state examination or patient global satis-
faction. None of the trials found any safety concerns for
the treatment with Cerebrolysin. A meta-analysis con-
cerning the effect of Cerebrolysin in AIS patients can be
found elsewhere [107].

Choriogonadotropin  Human Choriogonadotropin
(hCG) is known as the pregnancy hormone and was
shown to stimulate endogenous neural stem cell prolifera-
tion in preclinical experiments. In the REGENESIS-LED
trial [108], the effect of hCG (385 mg hCG (day 1+3+5)
was tested in AIS patients in combination with epoetin
alfa (4000—20.000 IU/dose (day 7-9)), a compound which
stimulates neuronal stem cell survival and differentiation.
The study was halted early because of lack of treatment
benefit at 30 and 90 days (NIHSS, mRS, BI). No differ-
ences were found in any (serious) adverse events or mor-

tality.

Cutamesine Cutamesine (SA 4503; 1 or 3 mg/day, for
28 days), a sigma-1 receptor agonist, was tested in a Phase
II safety trial by Urfer et al. [109] No serious adverse treat-
ment events were found, also no treatment effect for clini-
cal outcome was seen measured using NIHSS, mRS and
BL

Dexamphetamine The safety of Dexamphetamine, a
central noradrenergic stimulus, was tested in AIS patients
in a dose-escalation trial [110]. Patients were given 2.5,
5 or 10 mg Dexamphetamine or placebo twice daily for
5 days, starting within 72 h post stroke onset. No (serious)
adverse events or increased mortality corresponding to
treatment were found. Multiple motor function tests were
performed, but no differences were seen between treat-
ment and placebo at follow-up (1 or 3 months).

DL-3-n-butylphthalide The effect of DL-3-n-butyl-
phthalide (NBP) (50 mg/day for 10 days) in AIS patients
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was tested in the same trial where the effect of Cerebroly-
sin was investigated [105]. NBP showed a favourable
outcome over placebo treatment concerning NIHSS at
21 days (5.5 vs 7.3, respectively, p<0.01). The same effect
was seen for BI. Besides that, NBP showed to be more
effective over Cerebrolysin. No safety concerns were seen
for the use of NBP.

Erythropoietin Recombinant Human Erythropoietin
(EPO) has, besides its well-known haematopoietic effects,
been said to be neuroprotective, having anti-apoptotic,
anti-oxidant and anti-inflammatory effects. The effect of
EPO (40.000 IU over 30 min, iv) within 6 h after stroke
onset was evaluated by Ehrenreich et al. [111]. No treat-
ment effect was seen for 30 or 90 days concerning mRS,
NIHSS or BIL Also no differences between treatment and
placebo groups were found on lesion characteristics using
MRI. The trial did report safety concerns due to increased
mortality in the EPO group (16.4% vs 9.0%), especially in
patients who received systemic thrombolytic therapy.

Filgrastim The effect of Filgrastim (G-CSF, AX200), a
granulocyte colony-stimulating factor, was studied in a
phase IIb trial of 522 AIS patients [112]. A dose of 135 pg/
kg, iv over 72 h was analysed for its effect on stroke out-
come. Due to absence of clinical (mRS, BI, NIHSS, mor-
tality) and radiological (infarct volume) effects at 30 days
post stroke, the trial was stopped prematurely. No differ-
ences in adverse events between treatment and control
groups were found. A second trial was conducted by Eng-
land et al. [113]. Here, a dose of 10 pg/kg sc was given for
5 days, starting 3—30 days post stroke symptom onset. No
difference between treatment and placebo groups were
found in clinical outcome (mRS, BI, NIHSS) at 90 days
nor for lesion volume (MRI). No differences in (serious)
adverse events between both study groups were reported.

GSK-249320 The humanized monoclonal antibody
GSK249320 blocks myelin-associated glycoprotein to
promote axon outgrowth. Cramer et al. [114] conducted
a phase IIb proof-of-concept trail, which was stopped
prematurely due to futility reasons. No treatment benefit
(a bolus of 15 mg/kg) was found during interim analysis
for functional outcome (mRS). No safety concerns were
found.

Kallikrein Kallikrein (DM-199) is a serine proteinase
which selectively dilates arterioles, and which has been
shown in the pre-clinical setting to stimulate angiogenesis
and neurogenesis [115, 116]. In a clinical trial conducted
by Wang et al. [117], AIS patients received Kallikrein
(0.15PANU/day for 12-14 days), starting within 6-72 h
of infarct onset. At 30 days, Kallikrein showed improved
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mRS, although the median was equal compared with pla-
cebo (3 vs 3, p=0.001). This effect was gone at 90 days
follow-up. The same result was seen for NIHSS and BIL
However, no treatment effect on infarct volume was seen
at 14 days. They also found more micro-bleeds in the
infarcted region in the treatment group compared with
placebo, but this did not worsen any outcome measure.

Neurotropin  Neurotropin (NTP), widely used in Japan as
analgesic drug, is a non-protein extract which is isolated
from cutaneous tissue of rabbits who are inoculated with
vaccinia virus. NTP activates the descending pain inhibi-
tion system and is involved in anti-nociception [118, 119].
De Reuck et al. [120] described a decreased infarct vol-
ume (difference between day 3 and 11 using CT: — 1.27 vs
0.17, respectively, p=0.02) in the treatment group com-
pared with placebo. Also less edema and improved clini-
cal outcome (Toronto stroke scale, from day 5 till 15) was
shown. Mortality and (serious) adverse events were equal
in both study groups.

Neuro-inflammation
Background
The inflammatory response after cerebral vessel occlu-
sion is multifaceted and differentiates over time from ini-
tiation and progression to resolution of the infarct. The
importance of the inflammatory cascades is reflected by
the many compounds which have been tested in (pre-)
clinical trials, to modulate both the neurotoxic as well as
the neuroprotective effects of the inflammatory response.
The inflammatory response includes both the innate
and adaptive components of the immune system. The
first one starts in blood vessels and the perivascular
space, where hypoxia changes endothelial shear stress,
triggering the coagulation cascade, inducing platelet
aggravation and oxidative stress. This results in release
of inflammatory mediators, BBB permeability and leuko-
cyte/neutrophil infiltration into the infarcted area [121].
After this initial process, the brain parenchyma also gets
involved in the inflammation cascade where neuronal cell
death triggers a new phase of the inflammatory response.
The adaptive immune response is activated somewhat
later, starting around 24 h post occlusion [122]. The
recruited T-cells have their damaging effect, exacerbating
neurotoxicity by secretion of several cytokines. Later in
the chronic phase (first days after onset), specific T-cell-
subsets become involved such as the more damaging
(Thl or 17) or protective (Th2 and Treg) T-cells [123].
B-cell recruitment (also days after stroke onset) causes
further neuronal damage [124]. Notwithstanding, T-cell,
monocyte-derived macrophages/activated microglia and
neutrophils all have their pro- and anti-inflammatory
phenotypes, controlling a delicate balance.
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The end of the initial inflammatory cascades marks
itself by (1) removal of death tissue/debris, (2) devel-
opment of an anti-inflammatory environment and (3)
production of survival-favourable mediators [125].
The chronic inflammatory response (lasting weeks to
months), a phenomenon called stroke-induced immu-
nodepression (SIID), starts after a few days [126], but is
beyond the scope of this review.

Many treatments described below target the innate
immune response and are therefore restricted to the
acute stroke phase. Instead, drugs modulating the adap-
tive immune response might be feasible in a longer
timeframe.

Compounds

Atorvastatin

Statins, HMG-CoA reductase inhibitors, belong to the
class of lipid-lowering agents and are generally used pre-
ventative to reduce the risk for cardiovascular events.
However, statins also have anti-inflammatory effects, an
effect which was tested in the acute phase after ischemic
stroke in multiple clinical trials. Atorvastatin was inves-
tigated in 2 randomized clinical AIS trials. Muscari et al.
[127] did not find a difference in NIHSS (at day 7) or
infarct volume on CT (at 3 days) between AIS patients
given Atorvastatin (31 patients; 80 mg/day for 7 days) or
placebo (31 patients). Nevertheless, in less severe strokes
(n=9), the 3-month mRS outcome suggested a more
favourable outcome in the statin-treated group (n=7)
(Not mentioned as pre-defined subgroup analysis, num-
ber needed to treat=3). In the second trial, Beer et al.
[19] included 40 AIS patients, treated with Atorvastatin
(80 mg/day for 30 days) or placebo. No treatment effect
on radiological (infarct volume) or clinical (NIHSS, CBF)
outcome was seen at 3 or 30 days after stroke onset. No
safety concerns were found in both trials.

Ceftriaxone

Ceftriaxone is a third generation antibiotic compound
which belongs to the cephalosporin family. It selectively
binds to transpeptidases located on the bacterial cell
wall and inhibits cellular wall synthesis. In the PASS trial
[128], the effect of Ceftriaxone (2 gr/day for 4 days) over
placebo was investigated in 2538 AIS patients. No differ-
ence in clinical outcome (mRS and mortality at 90 days)
was found between treatment and control group. No dif-
ferences in (serious) adverse events were seen between
both groups.

Cyclosporine

Cyclosporine is an immunosuppressant by reducing
effector T-cell function via binding to the cytosolic
protein cyclophilin. It is also a potent inhibitor of the
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mitochondrial permeability transition pore (MPTP) and
the P-glycoprotein (P-gp). MPTP allows molecular equi-
libration of small molecules (<1599 Da) such as Ca’*
during reperfusion and P-gp is a drug resistance trans-
porter highly expressed in the BBB. Cyclosporine has
been shown to be effective in pre-clinical experiments
to reduce ischemic damage in various organs including
heart [129] and brain [130, 131]. It was tested by Nig-
hoghossian et al. [132] in a pilot trial in 127 AIS patients.
Cyclosporine was shown to reduce infarct size, but only
in the sub-population were recanalization was estab-
lished after proximal occlusion (pre-defined subgroup
(n=32; underpowered) analysis: 14.9 vs 48.3 respectively,
p=0.009). No overall difference was seen after 3 months
in neurologic independence score (mRS) between treat-
ment and control group. No difference in (serious)
adverse events were found.

Enlimomab

This murine monoclonal antibody binds to the intracel-
lular adhesion molecule-1 (ICAM-1), thereby inhibiting
neutrophil adhesion to the endothelium. Although in
pre-clinical studies Enlimomab was shown to have a pos-
itive effect on neurological function and infarct volume
[133-135], this was not the case in a 90-day clinical AIS
trial [136]. Enlimomab (160 mg iv bolus following 40 mg
maintenance bolus/day for 4 days) even showed a signifi-
cant worsened clinical outcome (mRS <1 at 90 day: 27%
vs 34% respectively, p=0.004) compared with placebo.
Symptom-free recovery, serious adverse events, death,
BI and NIHSS showed similar results. Infarct volume did
not show a difference between both treatment groups.

Fingolimod

Fingolimod (FTY720; 0.5 mg/day for 3 days) was tested in
combination with alteplase in a clinical safety trial [137].
Fingolimod is largely used as multiple sclerosis treat-
ment and acts on the sphingosine-1-phosphate recep-
tor, inhibiting lymphocyte egress from lymph nodes and
inhibiting their recirculation [138]. They were able to
show a significant favourable effect of the combination
therapy compared with alteplase alone for infarct vol-
ume difference from day 1 to 7 (-2.3 vs 12.1 respectively,
p<0.01), although the sample was small. They also found
less haemorrhage and better mRS and NIHSS scores at
90 days post AIS in the treatment group compared with
placebo. No difference in adverse events were seen.

Minocycline

Minocycline is an antibiotic agent, inhibiting microglia
activation and matrix metalloproteinase (MMP). The
effect of Minocycline in AIS patients has been investi-
gated in 2 different trials, all using different dosages.
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Lampl et al. [139] investigated the effect of 200 mg
minocycline for 5 days, starting within 6-24 h after
stroke onset in 152 patients. Clinical outcome at 7, 30
and 90 days, analyzed by NIHSS, mRS and BI, was sig-
nificantly improved in the Minocycline treated group
compared with the control group (90-day mRS: 0.9 vs
2.1 respectively, p<0.0001). No radiological outcomes
were reported. A second (pilot) study was conducted by
Kohler et al. [140] and included 47 patients in the Mino-
¢ycline (500 mg in 12 h) group and 48 controls. No dif-
ferences were found concerning clinical outcome (mRS,
NIHSS, BI). There were no differences between both
treatment groups concerning (serious) adverse events in
all three trials.

Moxifloxacin

Moxifloxacin is also an anti-bacterial compound, and
prevents separation of the bacterial DNA (and thereby
inhibiting cell replication) by inhibiting DNA gyrase
(topoisomerase II and IV). The PANTHERIS trial [141]
examined the effect of preventive antibacterial therapy
in 39 AIS patients compared with 40 controls using
Moxifloxacin (400 mg/day for 5 days). Besides the posi-
tive effect of Moxifloxacin treatment on reduction of
post-stroke infections, the survival rate and neurologi-
cal outcome defined by BI and NIHSS were not different
between treatment and control group. No safety con-
cerns were raised.

Natalizumab

Natalizumab, a humanized monoclonal antibody against
the a4-integrin within very late antigen (VLA)-4, impairs
trans-endothelial migration of leukocytes by preventing
their interaction with endothelial cell adhesion molecule
VCAM. In multiple pre-clinical studies, Natalizumab
showed reduced infarct volume and improvement of
functional outcome [142-146]. In the phase II ACTION
trial [147], 161 patients were randomly assigned to pla-
cebo or 300 mg (in 24 h) Natalizumab. No changes in
infarct volume or relative growth ratio (from baseline to
30 day follow-up) between both groups were found. At
30 day of the follow-up, an improved mRS (pre-defined
subgroup analysis: mRS<1: 18% vs 9% respectively,
p=0.024) was found in patients with baseline mRS <1
in the treatment group (n="77) compared with placebo
(n=82), but not for BI or NIHSS. However, at 90 days,
only an improved outcome was seen for BI in patients
with a baseline BI score > 95 (pre-defined subgroup anal-
ysis in 77 Natalizumab and 82 placebo treated patients).
No differences were found concerning (serious) adverse
events between both groups.
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Simvastatin

The effect of Simvastatin, member of the statin-fam-
ily and an HMG-CoA reductase inhibitor, in the acute
phase of ischemic stroke was investigated in two RCTs;
MISTIC [148] (safety and efficacy pilot trial) and STARS
[149]. In the MISTIC trial, no clinical outcome improve-
ment (90 day mRS) of the Simvastatin (40 mg/day for
7 days+20 mg/day for 83 days) group compared with
placebo was found. Importantly, safety concerns were
described since a (non-significant) higher mortality and
infection rate was seen in these patients. The STARS trial
also reported no difference between the treatment and
placebo group for mRS at 90 days (n=34 simvastatin
(40 mg/day for 90 days) and 34 placebo). Post-hoc anal-
ysis did however show favourable clinical outcome for
Simvastatin in combination with tPA (not a pre-defined
subgroup analysis). The STARS trail results did not show
any safety concerns.

UK-279,276

UK-279,276 is a neutrophil inhibitory factor and pre-
clinical data showed improvement of infarct volume after
UK-279,276 treatment in transient, but not permanent,
middle cerebral artery occlusion [150]. In the ASTIN
phase-2 trial [151], UK-279,276 was examined concern-
ing dose—response and proof-of-concept. A total of 966
AIS patients were enrolled in this study before it was
terminated early for futility reasons. The compound was
well tolerated, but no (dose-response; 10-120 mg in
24 h) treatment effect was seen compared with placebo
for NIHSS, BI or mRS at 90 days. There were no safety
issues.

Additional compounds

Acetaminophen

The phase III PAIS trial [152] investigated the effect of
Acetaminophen (6 g/day for 3 days), one of the most com-
monly used antipyretic drug, on AIS outcome. No treat-
ment effect was seen in the primary analysis (mRS or BI
at 90 days). However, in patients with body temperature
between 37-39 °C and patients not treated with alteplase
showed an improved 3-month mRS, but not BI, after
pre-defined post-hoc analysis. A pilot trial conducted by
Koennecke et al. [153] tested the effect of Acetaminophen
(4 g/day for 5 days) on AIS outcome, started within 24 h
after stroke onset. No differences between treatment and
placebo groups were found concerning NIHSS or mRS at
5 days. No safety concerns were seen in both trials.

DP-b99
DP-b99 is a chelator for excessive divalent metal ions
(such as zinc and calcium) which is specially designed to
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chelate such ions in the vicinity of membranes when their
concentration exceeds the normal physiological level.
In the mRECT trial (150 AIS patients) [154], the effect
of DP-b99 (1 mg/kg/day for 3 days) was investigated. A
significant better mRS score at 90 days was found in the
treatment group compared with placebo (mRS<1 or
same as prestrike: 31% vs 16%, respectively, p=0.05). But
no difference in NIHSS was found. No mortality differ-
ences or (serious) adverse events were found related to
the treatment.

Reptinotan

Reptinotan HCl is a serotonin (5-HT),, receptor antag-
onist and the effect on AIS outcome was tested in the
mRECT phase IIb trial [155]. Reptinotan (1 mg/kg/
day or placebo for 4 days) was given within 4.5 h post
stroke onset. No differences between groups were found
for clinical outcome parameters (mRS, NIHSS, BI at
90 days). No safety concerns were found related to the
use of Reptinotan.

Discussion

In this review, we have summarized clinical AIS trials
where, besides reperfusion treatment (thrombolysis or
thrombectomy), additional therapeutic drugs were tested
in order to improve clinical and/or radiological outcome.
Only a handful of compounds were found in some way
beneficial concerning main clinical or radiological out-
come, mostly found in post-hoc subgroup analysis. In
the few cases where multiple trials are conducted for one
compound, usually no treatment effect or contradicting
treatment effects were found between trials. Many trials
included here were designed as safety and tolerability-
trial, and therefore results should be interpreted with
caution due to the low inclusion numbers.

Categorical drug effects

Important to state here, before discussing any pos-
sible group effect, is that compounds were grouped
considering their assumed (principal) mechanism of
action. However, often these compounds have myri-
ads of pharmacological (primary or secondary) effects,
one stronger or weaker over the other. Besides that, it
is even possible multiple drug effects could have influ-
enced one another for the best or worst (amplifying or
cancelling out one another when looking at final out-
come parameters).

Looking at group effect, it seems that drugs interven-
ing with oxidative and nitrosative stress are overall safe,
well tolerated and show the most promising results (posi-
tive effect on outcome in 3/7 compounds). An interest-
ing point here is the difference in standard stroke care
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around the world, regarding Edaravone. Edaravone has
never reached other parts of the world, while in Japan
it has been used in daily clinical stroke care since 2001.
A number of clinical trials (few showed clinical benefit),
meta-analyses (with positive outcomes) [156-159] and
pre-clinical studies have been undertaken (all extensively
reviewed elsewhere [160-162]), however, the majority
were executed in Asian countries. Besides that, despite
the described beneficial effect of Edaravone, it was also
noted that these results might have been biased [163].
One practical issue was the relatively long Japanese study
protocol with twice-daily intravenous treatment for up
to 14 days, where in Europe, AIS hospitalization periods
are usually much shorter, making the Japanese protocol
impractical. Therefore, Kaste et al. [164] performed a
safety, tolerability, and pharmacokinetics study, involv-
ing a new Edaravone formulation and dosing regimen
more suitable for Europe. Their results paved the way
for the necessary larger safety studies and pivotal RCTs
to provide evidence of efficacy. These trials are necessary
to show whether the treatment improves the outcome of
patients with AIS in Western countries. Also, the use of
Edaravone combined with thrombolysis and thrombec-
tomy should be evaluated. However, until today this has
not been initiated yet, perhaps for economic reasons
since the compound patent period has already expired.
Edaravone is also used for adult myotrophic lateral scle-
rosis (ALS) treatment and the many ongoing clinical
trials for neurological diseases as well as multiple other
pathologies and clinical conditions indicates its broad
neuroprotective antioxidant possibilities [165]. So, espe-
cially in the MT-era, Edaravone could be a good candi-
date for re-evaluation as adjunctive AIS treatment.
Another promising group effect is represented by
compounds effecting neurogenesis/-regeneration and
-recovery. Here, 4 out of 10 compounds showed positive
outcome scores in the treatment groups compared with
placebo. Interestingly, these trials with positive outcome
all had follow-up time points of less than 30 days. All
other trials who did not show any treatment effect, except
for 1 [106], had a readout time point of <21 days. This
might indicate that this kind of treatment is only bene-
ficial in the early time period after ischemic stroke, but
does not last in the late chronic phase. A combination
therapy with compounds focussed on the chronic effects
such as inflammation might be a promising strategy. Sur-
prisingly, most drugs suppressing neuro-inflammation do
not seem to improve stroke outcome when given in the
acute phase, since only 2 out of 10 compounds (Fingoli-
mod and Minocycline) reported a favourable outcome in
the treatment group over placebo. Reason for this could
be that the inflammation response in the infarcted area,
is bifacial; part of the inflammatory cascades are involved
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in increased damage and edema formation whereas other
inflammatory pathways are important for neuropro-
tection, regeneration and restoration [166]. Therefore,
roughly blocking all inflammatory processes which are
activated in the acute or chronic phase after ischemic
stroke, may not be a good strategy. Instead, a more tar-
geted approach blocking detrimental inflammatory cas-
cades and stimulating favourable ones might provide
better clinical results.

Targeting systemic haemodynamics alone is also not a
promising strategy (also previously shown in a meta-ana-
lyse of blood pressure lowering agents by Sandset et al.
[16]) and appears even to have detrimental effects (found
in 5/21 trials and shown in a sub-group analyse of the
INWEST trial [167]). However, the link between blood
pressure changes and clinical outcome in AIS patients
is extremity complex and optimal blood pressure man-
agement remains challenging since it depends on treat-
ment strategy, local vascular function and especially the
degree of reperfusion or persistent occlusion (reviewed
by Gasecki et al. [168]). Only for one highly investigated
compound, Nimodipine, 3 out of 10 trials showed a ben-
eficial effect when given within 24 h of stroke onset. And
in a meta-analysis, data of more than 3700 AIS patients
supported the view that early treatment with Nimodi-
pine may have a favourable effect [169]. However, inter-
estingly, the 6 trials where Nimodipine was given within
48 h all did not show any treatment effect. The last one
also did not show an effect, although treatment was given
within 6 h. This also proves that the time window of
treatment is a crucial but complex factor in AIS therapy.

Care should be taken with compounds described in the
excitotoxicity category, especially NMDA receptor antag-
onists, but also AMPS receptor antagonists. In 5 out of
10 compounds (5/14 trials) included here (4/8 NMDA-
receptor antagonists), safety concerns were reported
when administering the antagonist in the acute phase of
an ischemic stroke. Only one (out of 3) trial (Grotta et al.
[43]) reported an improved mRS, NIHSS and BI after
treatment with Lubeluzole, and 2/3 trials showed reduced
mortality. The positive effect was only seen in low-dose
treatment of Lubeluzole, where a dose twice as high had
an unfavourable outcome. Therefore, one could argue
that the negative and worsened outcomes found in the
other NMDA-receptor studies could be because the used
doses were too high. Outcome using Lubeluzole might
also be more favourable due to the fact that is an indirect
NMDA-blocking agent [170].

Patient sub-group effects
An interesting finding is that due to the large variability
in ischemic stroke patients, the mean outcome effects
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were usually non-existing. However, in post-hoc analyses
in specific sub-populations, multiple trials did find a pos-
itive drug effect on outcome. This was for example seen
in the Candesartan trial, where a beneficial effect on mRS
was reported in a subset of patients with large infarcts
compared with small, lacunar infarcts. And a negative
effect for BI was reported in the Candesartan group in a
subset of patients with lacunar infarcts [16, 17]. Another
example is Piracetam, for which only in a post-hoc analy-
ses including early treated patients or patients with mod-
erate and severe stroke, a difference in clinical outcome
favouring the treatment group was found [28].

This raises the question if these secondary results are
actual solid evidence of stroke category-specific treat-
ment effects, or if this is a false positive treatment effect
due to multiple testing. If the first is true, this would
mean that in order to find most effective therapies, the
focus should be pointed more towards better patient
stratification and a more personalized therapeutic
approach concerning sex, stroke etiology or reperfusion
rate for example.

In addition, worth mentioning is that clinical outcome
variables mostly used in stroke trials such as mRS, NIHSS
and B, not always correspond with one another and even
less with radiological outcome measures such as infarct
volume or diffusion and perfusion abnormalities. Maybe
a better patient stratification and sub-group specific
scales or treatment could be a step towards improved AIS
care [171].

Combination therapies and EVT/IVT

The number 1 question concerning additional drug ther-
apeutics (next to IVT and EVT) in AIS is whether or not
the drug reaches the infarcted territory sufficiently. Mul-
tiple clinical studies examining recanalization as well as
tissue reperfusion concluded that reperfusion was essen-
tial to achieve good functional recovery. Good reper-
fusion of the tissue was a 4 times stronger predictor of
final outcome compared to recanalization of the vessel
or collateral status [172-174]. Interestingly, reperfusion
via collaterals was also associated with improved clini-
cal outcome even without recanalization of the occluded
vessel [175].

Unfortunately, in almost all trials included here,
patients were included irrespective of recanalization
treatment (none, IVT or EVT, or a combination), differ-
ent therapeutic time windows, or reperfusion rate. All
these factors are likely to affect the outcomes of adjuvant
treatments. The introduction of endovascular treatment
for AIS has revolutionized stroke care. While mechanical
thrombectomy with stent retrievers or aspiration devices
has become the standard of care nowadays [4, 176, 177],
various interventional techniques have been tried over
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the years. Early trials using intra-arterial pro-urokinase
showed promising results, but did report high rates of
bleeding [178]. Subsequent clinical trials that mostly
used intra-arterial tPA or earlier generation thrombec-
tomy devices, and which did not routinely use CT-angi-
ography to select patients with a large vessel occlusions,
showed neutral results [179-181]. After the initial suc-
cessful trials with modern EVT techniques, subsequent
trials expanded the time window for EVT until 24 h for
patients with salvageable brain tissue on perfusion imag-
ing [182, 183]. The recent developments in AIS treatment
warrant a reconsideration of the neuroprotective strate-
gies, either because they might show to be more effective
after recanalization, or, in contrast, their value becomes
less in the patients that receive late EVT.

Post-hoc analysis of the effect of the compound on
outcome compared between patients who received reca-
nalization therapy (and their reperfusion rate) and who
did not, is necessary to investigate if the compound
could be given a second chance in combination with
thrombectomy. Besides that, without the knowledge
and sub-analyses concerning the correlation of reperfu-
sion rate and clinical outcome, it is hard to conclude if
the drug itself did not have an effect. Interaction between
reperfusion and outcome could be due to the fact that a
sufficient amount of the drug did not reach the area of
interest (in time, due to no or unsatisfactory reperfusion
of the smaller arteries and microvasculature) or due to
the presumed mechanism of action of the specific com-
pound, namely reperfusion injury. It is well possible that
additional drug treatment effect is overshadowed by this
heterogeneity in patient population. A good example of
this is the Cyclosporine trial [132], where they did analyze
the effect of recanalization therapy and showed the com-
pound to reduce infarct size, but only in the sub-popu-
lation were recanalization was established after proximal
occlusion.

Drugs with promising results in combination with
thrombolytic therapy might even be more beneficial in
combination with the new, more superior endovascu-
lar treatment. This possibility should be investigated in
newly designed clinical trials. Also more strict time win-
dow could help increasing the therapeutic success rate.
Time window is one of the most crucial factors in acute
stroke treatment to increase efficacy, and intervening in
more than one of the ischemic cascades could reduce
detrimental effects or increase the effective therapeutic
time window which is also a valuable improvement.

Therefore, new trials with promising drugs in com-
bination with reperfusion therapy such as mechanical
thrombectomy (if successful) is promising.

Also because many of these compounds have been
shown effective in pre-clinical studies in mice and rats
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where usually the transient middle cerebral artery occlu-
sion is used. (Meaning, reperfusion of the MCA after a
certain period of time). This ischemic model is different
form the heterogeneous AIS patient group which usu-
ally do not have (sufficient) reperfusion of the occluded
artery. Other known factors contributing to the transla-
tional gap are the pre-clinical models used, design of the
clinical trials, clinical misclassification, restricted thera-
peutic window and inadequate sample size [171, 184,
185]. This translational gap, however outside the scope of
this review, is an important topic to consider, and which
is emphasized by the positive pre-clinical data in mice
and rats, but the negative clinical trial results of the same
compounds. As stroke researchers, we should think criti-
cally which fundamental issues are the cause of this lack
of translational value.

Another important concern influencing the success
rate and efficacy, especially in AIS treatment, is the phar-
macokinetic properties of a compound. Molecular size,
polarity and hydrophobicity, each affect the ability of the
compound to be transferred across the BBB and reach the
target area. Disufenton sodium (NXY-059) for instance,
failed in multiple clinical trials [50-54], which might have
been caused by the fact that disufenton sodium is a polar
molecule with low hydrophobicity, which limits its ability
to permeate the BBB [186, 187]. Therefore, it is of utmost
importance to consider drug pharmacokinetic proper-
ties during therapeutic development, and investigate
how their molecular characteristics can affect efficacy in
stroke patients. One way to manage this problem are the
multiple targeted drug delivery systems which have been
developed over the years, including the use of (polymer/
metal/gold) nanoparticles, exosomes or structural modi-
fication of the therapeutic compounds. A detailed over-
view concerning current techniques and possibilities can
be found elsewhere [188].

The unfortunate bulk of negative findings summa-
rized in this review seems contradictive compared to the
pre-clinical evidence of effectiveness of the compounds
described here. This discrepancy originates from the
methodological and translational limitations of pre-clini-
cal stroke research, pre-clinical publication bias (negative
study results are hardly ever published) but also the lack
of (meta-analyses supported) pre-clinical evidence of the
effectiveness of the compounds when being selected for
a clinical trial [189]. Besides that, the disappointing trial
results are probably also caused by the complex multi-
faced string of events activated the moment a cerebral
artery is occluded. The complex interplay of systemic
haemodynamics, excitotoxicity, neuro-inflammation,
blood-brain barrier and vasogenic edema, oxidative and
nitrosative stress all eventually leads to cell death. All
clinical trials described in this review focus to intervene
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in one (small) part or one of the mechanisms, and look-
ing at the negative results together with the complexity
of the activated cascades, one might conclude that try-
ing to improve outcome after AIS is not possible when
only one aspect is targeted using a single agent. Together
with the large heterogeneity of stroke patients (concern-
ing important parameters such as type of occluded ves-
sel, age, sex, race and other cardiovascular risk factors
and comorbidities), it may be unrealistic to expect gen-
eral improved outcome using only a single neuroprotec-
tive drug. Therefore, future stroke trials should focus on
a combination therapies in order to increase treatment
benefits for AIS patients. Combinatorial therapy in AIS
is probably the most promising therapeutic strategy and
should be considered when designing new clinical tri-
als. Important to add here is the therapeutic options to
“freeze the penumbra” before reperfusion therapy can
be performed to prevent infarct growth in the first hours
after onset [190] (instead of only starting the additional
treatment afterwards, as done in all clinical trials so far).

There are a number of clinical trials (registered and/
or recruiting) testing additional therapeutic compounds
specifically in combination with mechanical thrombec-
tomy. These include (registered at ClinTrials.gov June
2021): Pulmozyme (NCTO04785066); combination of
argatroban, edaravone, and glucocorticoid (INSIST-
CT, NCTO04202549); Tirofiban (NCT04851457);
Fingolimod (NCT04675762 and NCT04629872); Cer-
ebrolysin  (NCT04904341); Edaravone Dexborneol
(INSIST-ED, NCTO04667637); Nerinetide (ESCAPE-
NEXT, NCT04462536); Verapamil (NCT03347786);
Butylphthalide (NCT03539445); RNS60 (NCT04693715);
P2Y12 inhibitor (Cangrelor) (NCT04667078) and mul-
tiple blood pressure controlling compounds (both dur-
ing and in the acute phase after MT) (NCT04205305,
ENCHANTED2 NCT04140110, NCT04352296,
NCT04892511 and NCT04578288). It is to be seen
whether or not these combination therapies are benefi-
cial for patient outcome.

Future perspectives

Ischemic stroke is an extremely complex, acute pathol-
ogy with a large variety of pathways involved in neu-
ronal damage and repair, all with their own time window
making the best-treatment puzzle hard to solve. There-
fore, we do not believe that clinical improvement can
be accomplished by treating all AIS patients with only a
single drug class. In our opinion, focus should be on (1)
investigating the underlying pathophysiologic changes in
individual stroke sub-types; (2) Identifying pathways and
therapeutic targets with respect to timing after stroke
onset and (3) Composing a treatment strategy for each
stroke-subtype, targeting multiple pathways, each with
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its own dosage and time-dependant regime. In line with
the data summarized in this review, reperfusion therapy
(EVT/IVT) in combination with oxidative and nitrosative
stress inhibitors (such as Ebselen, Edaravone, Glyceryl
Trinitrate or Uric acid), vascular modifiers (Fasudil) and
targeted anti-inflammatory agents (such as Cyclosporine,
Fingolimod or Minocycline) could be a promising strat-
egy in the (hyper) acute phase, with subsequent promo-
tion of resolution of inflammation and neurorecovery in
the late-acute and chronic phase. Some animal studies
have shown the positive effect of combination-therapy in
ischemic stroke [191-194].

Conclusion

There is an enormous collection of clinical AIS trials with
negative outcome, however, one should not be discour-
aged by that. The most promising drugs for additional
treatment combined with EVT are oxidative and nitro-
sative stress inhibitors and promotors of neurogenesis/-
regeneration and -recovery. The least promising (or even
dangerous) drugs seem to be NMDA and AMPA recep-
tor blocking agents and compounds targeting systemic
haemodynamics. Care should be taken concerning cru-
cial parameters for future clinical AIS trials: start of the
treatment, duration of the treatment, and combination
of thrombolysis and/or thrombectomy with additional
drugs to intervene with detrimental ischemia-related
pathways and stimulate regenerating pathways with the
superiority of endovascular thrombectomy over standard
medical care [4], new possibilities are there since rep-
erfusion in a crucial factor in order to deliver the drug
towards the region of interest (penumbra and core).
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